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The Cortex-based Alignment Approach to
TMS Coil Positioning
Felix Duecker, Martin A. Frost, Tom A. de Graaf, Britta Graewe,
Christianne Jacobs, Rainer Goebel, and Alexander T. Sack
Abstract
■ TMS allows noninvasive manipulation of brain activity in
healthy participants and patients. The effectiveness of TMS
experiments critically depends on precise TMS coil positioning,
which is best for most brain areas when a frameless stereotactic
system is used to target activation foci based on individual fMRI
data. From a purely scientific perspective, individual fMRI-guided
TMS is thus the method of choice to ensure optimal TMS effi-
ciency. Yet, from a more practical perspective, such individual
functional data are not always available, and therefore alter-
native TMS coil positioning approaches are often applied, for
example, based on functional group data reported in Talairach
coordinates. We here propose a novel method for TMS coil posi-
tioning that is based on functional group data, yet only requires
individual anatomical data. We used cortex-based alignment
(CBA) to transform individual anatomical data to an atlas brain
that includes probabilistic group maps of two functional regions
(FEF and hMT+/V5). Then, these functional group maps were
back-transformed to the individual brain anatomy, preserving
functional–anatomical correspondence. As a proof of principle,
the resulting CBA-based functional targets in individual brain
space were compared with individual FEF and hMT+/V5 hot-
spots as conventionally localized with individual fMRI data and
with targets based on Talairach coordinates as commonly done
in TMS research in case only individual anatomical data are
available. The CBA-based approach significantly improved
localization of functional brain areas compared with traditional
Talairach-based targeting. Given the widespread availability of
CBA schemes and preexisting functional group data, the pro-
posed procedure is easy to implement and at no additional
measurement costs. However, the accuracy of individual fMRI-
guided TMS remains unparalleled, and the CBA-based approach
should only be the method of choice when individual func-
tional data cannot be obtained or experimental factors argue
against it. ■
INTRODUCTION
TMS is a noninvasive brain interference technique that is
widely used to investigate brain–behavior relationships in
the healthy and diseased human brain (Sack, 2006;
Hallett, 2000; Pascual-Leone, Walsh, & Rothwell, 2000;
Walsh & Cowey, 2000). TMS can provide excellent tem-
poral resolution because of the brevity of a single TMS
pulse (less than 1 msec) and good spatial resolution.
The spatial resolution of TMS critically depends on the
TMS coil design (Deng, Lisanby, & Peterchev, 2012). In
the majority of studies, the so-called figure-of-eight coils
are used that are purpose-built to generate a very focal
magnetic field and thus allow selective stimulation of
individual functional brain areas. This spatial specificity
of TMS is very desirable in most cases and is paramount
for investigating “causal” structure–function relation-
ships. However, effective spatial resolution depends not
only on coil design but also on the accuracy of TMS coil
positioning. In fact, the more spatially specific TMS is, the
more important it becomes to ensure that TMS is applied
exactly to the brain location of interest.
Different approaches for TMS coil positioning have
been developed over the years (Sack et al., 2009; Sparing,
Buelte, Meister, Paus, & Fink, 2008). In some cases, the
immediate consequences of a single TMS pulse can be
used as an index for effective stimulation. By moving
along primary motor cortex, one can induce muscle
twitches that correspond to the organization of the motor
“homunculus,” allowing identification of the optimal TMS
coil position to target the intended motor representation
(e.g., Wassermann, Mcshane, Hallett, & Cohen, 1992).
Similarly, TMS over early visual cortex induces phosphenes
that correspond to the retinotopic organization of visual
cortex (e.g., Kammer, Puls, Erb, & Grodd, 2005). When
the TMS coil is positioned basedon such functionalmarkers,
the resulting TMS target points have been shown to closely
match localization based on individual fMRI data and may
be considered optimal (Salminen-Vaparanta, Noreika,
Revonsuo,Koivisto,&Vanni, 2012; Thielscher, Reichenbach,
Uğurbil, & Uludağ, 2010; Thompson, Aaen-Stockdale,
Koski, & Hess, 2009). However, the majority of brain areas
are “silent,” that is, a TMS pulse does not produce a readily
observable response, thus requiring alternative TMS coil
positioning approaches. In early work, the TMS coil was
positioned relative to functional markers as describedMaastricht University
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above or simply shifted several centimeters from cranial
landmarks like the inion. Another popular method was to
borrow the international 10–20 coordinate system from
EEG research (Jasper, 1958), which assumes that certain
electrode positions correspond to certain anatomical re-
gions (see Herwig, Satrapi, & Schönfeldt-Lecuona, 2003).
But as the availability of imaging tools increased, “neuro-
navigation” by a frameless stereotactic system became a
preferred method overcoming various limitations of pre-
vious approaches. Both the TMS coil and the participantʼs
head are tracked and coregistered in space, allowing pre-
cise (online) targeting of a predefined brain area (Cohen
Kadosh et al., 2007; Sack, Kohler, Linden, Goebel, &Muckli,
2006; Schönfeldt-Lecuona et al., 2005; Herwig et al., 2002;
Paus, 1999).
This brain area can be defined in several ways. First, one
might determine the TMS “target point” based on indi-
vidual anatomical data. For instance, one could inspect
the anatomical data and manually define the inferior
parietal sulcus. For many brain areas, this approach is
not necessarily accurate because the macroanatomical
organization of the brain does not always predict where
a functional brain area is located (Frost & Goebel, 2012).
Moreover, this approach requires expertise to correctly
identify anatomical landmarks and is subjective, thus prone
to human error. A second, commonly used, approach is to
base TMS target points on coordinates in a common ref-
erence space, such as Montreal Neurological Institute (MNI)
or Talairach space (Talairach & Tournoux, 1988). These
coordinates are generally based on fMRI group data from
prior experiments or taken from the literature. This pro-
cedure only requires individual anatomical data, which
are transformed into the same reference space to project
the Talairach coordinates on them. However, this approach
is limited, because Talairach coordinates are represented
in volume space, the macroanatomical variability across
participants is completely ignored, and the extent of
functional–anatomical correspondence of brain areas is
not taken into account (Frost & Goebel, 2012). A third
approach makes full use of neuroimaging data by utilizing
both individual anatomical and functional data. The target
area is functionally defined in each individual participant in
a preceding fMRI experiment and targeted directly with
neuronavigation. As the research question for the TMS
experiment is in most cases whether or not the observed
functional activation involves a functionally relevant pro-
cess, this localization scheme seems most appropriate.
We recently empirically evaluated the impact of these
various localization schemes on behavioral effect sizes
and statistical power (Sack et al., 2009; also see Sparing
et al., 2008). The inferior parietal sulcus was determined
by aforementioned localization schemes, and the effects
of TMS on task performance were evaluated for each
resulting TMS site. We showed that the number of par-
ticipants required for a TMS effect to reach significance
can increase dramatically when localization accuracy is
suboptimal. As expected, individual functional localiza-
tion of TMS target points based on individual fMRI data
outperformed all other available methods. Specifically,
TMS effects were significant with just five participants
using fMRI-based neuronavigation, whereas neuro-
navigation based on Talairach coordinates reached the
same significance level only after 13 participants.
In summary, localization methods that do not utilize
individual functional data for TMS target point localiza-
tion come at a cost that can be of considerable practical
relevance. As shown above, the choice to use individual
fMRI-guided TMS can be decisive for finding a significant
TMS effect. Yet, the individual functional localization
method may not always be feasible or acceptably cost-
efficient. Whereas appropriate functional data may
generally be lacking for the recruited subject sample,
previously acquired anatomical data are much more
widely available. In these cases, traditionally, the Talairach-
(or MNI-) based approach has been applied as it only
requires such anatomical data before TMS. However,
these approaches have various shortcomings and de-
monstrably limited power, as discussed above. Here,
we propose a novel method for TMS coil positioning that
overcomes some of these shortcomings while still only
requiring anatomical data for each participant as well as
preexisting functional group data. As will be explained
below, we refer to this as the “CBA-based approach” for
localization.
In recent years advancedwhole-brain alignment schemes
have been developed that exploit curvature information of
the cortical surface to minimizemacroanatomical variability
across participants to increase functional overlap on the
group level (Frost & Goebel, 2012; Goebel, Esposito, &
Formisano, 2006; Fischl, Sereno, & Dale, 1999; Fischl,
Sereno, Tootell, &Dale, 1999).We suggest that thesemeth-
ods can also be used to improve TMS targeting in the ab-
sence of individual functional data. To demonstrate, we
here use cortex-based alignment (CBA) to transform in-
dividual anatomical data to an atlas brain that includes
functional probabilistic group maps of the FEF and
hMT+/ V5. Then, these functional group maps are
back-transformed to the individual brain anatomy, pre-
serving functional–anatomical correspondence. These
atlas-based functional hotspots can thus serve as TMS
target points. As a proof of principle, we measured
individual FEF and V5/hMT+ hotspots (serving as “base-
line”) with standard localizers to evaluate the relative loca-
tions of TMS target sites based on (1) these individual
localizers, (2) our CBA-based approach, and (3) Talairach
coordinates. Importantly, this approach can be gen-
eralized to any existing fMRI data set in surface space,
allowing the use of previously obtained functional re-
sults instead of publicly available probabilistic atlases
if desired. Given the widespread availability of CBA
schemes and preexisting functional group data, the pro-
posed procedure is easy to implement and at no addi-
tional measurement costs compared with traditional
Talairach- or MNI-based targeting.























































































































































Twelve participants (six women; aged 25–31) were
recruited from the Maastricht University community. All
had normal or corrected-to-normal vision and no history
of neurological or psychiatric illness and were screened
for fMRI experimentation safety. Written informed con-
sent was obtained before participation, and the study
was approved by the ethical committee of the Faculty
of Psychology and Neuroscience at Maastricht University.
fMRI
Anatomical and functional data were acquired with a
Siemens Allegra 3.0 Tesla scanner equipped with a
standard head coil (Siemens Medical Systems, Erlangen,
Germany). High-resolution anatomical images covering the
whole head were collected with a T1-weighted 3D ADNI
MP-RAGE sequence (192 sagittal slices; matrix = 256 ×
256; field of view = 256 × 256 mm; slice thickness = 1 mm;
no gap; in-plane voxel size = 1 × 1 mm; flip angle = 90°;
repetition time = 2250 msec; echo time = 2.6 msec).
Functional images were obtained using a T2*-weighted
single shot EPI sequence (32 oblique slices with full-brain
coverage; matrix = 64 × 64; field of view= 224× 224mm;
slice thickness=3.5mm; no gap; in-plane voxel size=3.5×
3.5 mm; flip angle = 90°; repetition time = 2000 msec;
echo time = 30 msec). Visual stimuli were back-projected
on a screen at the rear end of the scanner bore and could
be seen by the participants via a mirror system attached to
the head coil. MRI data were analyzed using the Brain-
Voyager QX 2.4.2 software package (Brain Innovation,
Maastricht, The Netherlands), including preprocessing
(motion correction, slice scan time correction, spatial
smoothing), statistical analysis (general linear model),
Talairach normalization, and CBA. For details, see Frost
and Goebel (2012) and Goebel et al. (2006).
Functional Localizers
We used standard functional localizers to determine the
position of FEF and hMT+/V5 in each participant (pro-
cedures identical to Frost & Goebel, 2012). For FEF local-
ization, a block design was used with alternating blocks of
central fixation and saccadic eye movements. During
saccadic eye movement blocks, participants had to follow
a circle with their eyes that appeared at one of eight pre-
defined locations along the horizontal and vertical merid-
ian at a rate of 2 Hz. In total, participants completed 21
blocks each lasting 16 sec. The contrast used to identify
FEF was “saccades > fixation.” For the hMT+/V5 locali-
zer, blocks with a central fixation point were alternated
with blocks of stationary or moving “flowfield” dots that
were passively viewed. Dot displays consisted of 400 dots
that either moved radially outward from the center of
the screen or remained stationary throughout the block.
Participants were instructed to keep central fixation at
all times. In total, participants completed 17 blocks each
lasting 16 sec. The contrast used to identify hMT+/V5
was “moving dots > stationary dots.”
Retrieving FEF and hMT+/V5 TMS Target Points
from Independent Group Data
The central aim of this study was to assess localization
precision of TMS target points in cases where individual
functional localizers are unavailable (Figure 1). This is
conventionally based on coordinates in a standard sys-
tem, such as Talairach space. To test the efficacy of our
CBA-based approach (see below), we used a second and
Figure 1. Schematic representation of the traditional Talairach-based approach and our CBA-based approach. Individual anatomical data are
aligned to an atlas/reference brain either in volume space based on a few anatomical landmarks, as shown on the left, or in surface space based on the
macroanatomical structure of the brain, as shown on the right. Once this alignment is performed, existing functional data can be back-projected
to individual space by applying the inverse transformation.
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independent data set from a previous study with other
participants (Frost & Goebel, 2012) to estimate the posi-
tion of FEF and hMT+/V5 from these group data (N =
10) in each participant. In contrast to most practical situa-
tions in TMS research, the localization procedures were
actually identical to the ones used for this study (outlined
above) to prevent any confounding effects because of
task differences. The later comparison between localiza-
tion methods will therefore be as “clean” as possible.
These group data were available in “volume space” where
Talairach coordinates defined the location of FEF and
hMT+/V5 as they are commonly obtained with a uni-
variate analysis (coordinates representing the center of
gravity of a cluster at an individually adjusted threshold)
and in “surface space” where probabilistic functional
maps indicated the area of highest probability for each
cluster (for details, see Frost & Goebel, 2012). The data
represented in surface space were used for our CBA-
based approach. For the Talairach-based approach, we
projected the independent group Talairach coordinates
back to the individual brain anatomy of the participants
from this study. For the CBA-based approach, we used
the individual anatomical data to create a reconstruction
of the cortical surface. Individual anatomical data were
then aligned to the average group brain of the indepen-
dent data set described above using CBA. This alignment
process first extracts curvature information from the
cortical mesh reconstructions, which are then inflated
to a sphere. CBA then aligns in a “coarse to fine” fashion.
Initially, alignment uses heavily smoothed curvature
maps, which only contain the most prominent macro-
anatomical landmarks (the central sulcus, the Sylvian
fissure, the STS, etc.) to avoid gross misalignment. The
next level of alignment uses less smoothed curvature
maps and so on until the final stage where alignment pro-
ceeds on unsmoothed maps containing all anatomical
details. CBA calculates gradient information from curva-
ture maps and utilizes these gradients to iteratively
reduce misalignment, through local vertex movement,
to a target brain, which here was a previously published
atlas brain (see Frost & Goebel, 2012). Finally, using the
inverse of this transformation, the probabilistic functional
atlas was back-transformed to the individual brain anat-
omy where the center of gravity for the area with the
highest probability of each cluster (FEF and hMT+/V5)
was defined as TMS target point.
Data Analysis
Following the procedures described above, we obtained
three sets of coordinates for each brain area (FEF and
hMT+/V5) and participant, namely (1) the individual
hotspot based on functional localization, (2) a Talairach-
based hotspot obtained from the independent group data
set in volume space, and (3) a CBA-based hotspot ob-
tained from the same independent group data set in
surface space. Given that individual functional localizers
are the gold standard both on theoretical and empirical
basis (Sack et al., 2009), they essentially serve as “base-
lines” for the FEF and hMT+/V5 location in individual
participants. Compared with these baselines, the pre-
cision of the different localization approaches was then
quantified in terms of Euclidean distances between the
individually defined hotspots and the Talairach-based
andCBA-based hotspots. Thismeasure of distance between
hotspots was then used for further statistical analysis.
The performance of Talairach-based and CBA-based
targeting was tested with repeated-measures ANOVA with
brain area (FEF and hMT+/V5) and localization approach
(CBA and Talairach) as within-subject factors. Addition-
ally, we hypothesized that CBA-based targeting is more
accurate than localization based on Talairach coordinates
and therefore compared both approaches for each brain
area directly with one-sided paired t tests.
RESULTS
Individual Functional Localizers
We first analyzed the data from the FEF and hMT+/V5
functional localizers on the individual level to determine
the precise location of activation foci for all participants.
For both tasks, localization was successful in all cases, and
individual Talairach coordinates are reported in Table 1.
Table 1. Talairach Coordinates of Individual Functional
Hotspots of FEF and hMT+/V5 for Each Participant
Participant
FEF hMT+/V5
x y z x y z
1 25 −8 46 41 −72 5
2 26 −10 58 46 −68 −2
3 29 −14 56 49 −58 −6
4 22 0 54 40 −61 5
5 36 −15 55 42 −68 3
6 22 −8 53 47 −65 4
7 26 −10 51 51 −58 −2
8 25 −13 46 42 −67 2
9 26 −20 53 42 −85 −7
10 20 −9 54 33 −73 −4
11 26 −14 53 39 −72 −4
12 30 −13 44 49 −64 −8
Mean 26 −11 52 43 −68 −1
SEM 1.2 1.4 1.3 1.5 2.2 1.4
Range 16 20 14 18 27 13
All values are provided in millimeters. Talairach conventions: x = left to
right, y = back to front, z = bottom to top.
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These coordinates were considered to represent the
“true” locations of the respective areas for each partici-
pant that, in the ideal case, would be used as TMS target
points. They thus served as reference points that were
later used to calculate the relative displacement of TMS
target points based on CBA and Talairach coordinates.
It is noteworthy that there was a considerable variability
across participants. To illustrate, we calculated the range
for each dimension of the individual Talairach coordi-
nates as a statistical measure of dispersion. The smallest
interval (in millimeters) that included all the data in the
x, y, and z direction was 16, 20, and 14 for FEF and 18, 27,
and 13 for hMT+/V5, respectively. This already shows
that a single set of Talairach coordinates is insufficient to
accurately predict where a functional brain area is located
at the individual level.
To allow comparisons with earlier studies, we also ana-
lyzed the data on the group level. As shown in Figure 2,
the FEF localizer showed consistent activation near the
junction of the precentral sulcus and superior frontal
sulcus (x= 25, y=−10, z= 53). The hMT+/V5 localizer
was found to robustly activate the middle temporal com-
plex (x = 44, y = −67, z = 0; Figure 2). This closely
matches previously reported FEF (e.g., Amiez & Petrides,
2009; Paus, 1996) and hMT+/V5 (e.g., Tootell et al., 1995)
positions and confirms the adequacy of our functional
localizers.
CBA versus Talairach Coordinates
We then assessed the precision of the CBA-based
approach and determined the improvement of locali-
zation compared with traditional Talairach coordinates.
A repeated-measures ANOVA on the Euclidean distance
from the individual hotspot was performed with Locali-
zation Approach (CBA and Talairach) and Brain Area
(FEF and hMT+/V5) as within-subject factors. This re-
vealed a significant main effect of Localization Approach,
F(1, 11) = 9.580, p = .010, and Brain Area, F(1, 11) =
10.964, p = .007, but no interaction, F(1, 11) = 1.061,
p = .325.
The main effect of Localization Approach resulted from
higher precision of the CBA-based approach compared
with the Talairach-based approach. On average, our
approach improved localization by 4.0 mm (SEM = 1.3).
Specifically, the mean displacement (in millimeters) of
TMS target points based on CBA and Talairach coordinates
was 6.4 and 9.0 for FEF and 10.7 and 16.1 for hMT+/V5,
respectively (Figure 3). Planned comparisons (paired-
samples t tests, one-tailed) confirmed that these improve-
ments were significant for FEF, t(11) = 1.975, p = .037,
and hMT+/V5, t(11) = 2.294, p = .021. The main effect
of brain area resulted from generally better localization
of FEF compared with hMT+/V5 most likely because of
differences in variability across participants as mentioned
above.
Because the effectiveness of TMS requires precise local-
ization of TMS target points on the individual level, we
further explored the data on a single subject basis. Ideally,
the CBA-based approach reduces the distance from the
individual hotspot not only on the group level but also in
the majority of participants compared with the Talairach-
based approach. As shown in Figure 4, individual locali-
zationof FEF andhMT+/V5was improvedbyourCBA-based
approach in 9 of 12 participants.
Finally, we evaluated the distribution of the data in the
context of the spatial resolution of TMS. To avoid assum-
ing a specific distance value where TMS is considered to
be effective, we created bins with a width of 5 mm each
(representing the distance from the individual hotspots)
and counted the number of individual TMS target points
Figure 2. Group activation data projected on the inflated group
average brain. The FEF activation hotspot (shown in yellow) was
located at the junction of the precentral sulcus and superior frontal
sulcus. The contrast to identify FEF was “saccade > fixation.” The
hMT+/V5 activation hotspot (shown in blue) was located in the
middle temporal complex. The contrast used to identify hMT+/V5 was
“moving dots > stationary dots.” For illustrative purposes, functional
data in this figure have been masked so that occipital and parietal
activation foci are absent.
Figure 3. Average localization precision of the CBA-based and
Talairach-based approach. Each approach is evaluated by calculating the
Euclidean from the individual functional hotspot. For FEF and hMT+/V5,
the CBA-based approach outperformed localization based on Talairach
coordinates. Differences marked with an asterisk are statistically
significant at an alpha level of .05, and error bars depict standard errors.
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that fell within these intervals. As can be seen in Figure 5,
the CBA-based approach not only brought TMS target
points closer to the center than the Talairach-based
approach on the group level but also pulled a greater
number of participants within the effective range of
TMS. For example, assuming that the TMS coil should
be within 15 mm from the true location of hMT+/V5
to have an effect, the Talairach-based approach would
have been effective in only 50.0% of the participants
whereas the CBA-based approach would have increased
this number to 83.3%. Importantly, this advantage of
the CBA-based approach was not specific to any particu-
lar assumed effective range of TMS.
DISCUSSION
The success of TMS experiments critically depends on
accurate TMS coil positioning. Although functional local-
ization based on individual fMRI data provides best
results, we propose a novel method for TMS coil posi-
tioning that outperforms alternative approaches, such
as targeting based on Talairach coordinates, but still only
requires individual anatomical data as well as preexisting
Figure 4. Localization
precision of the CBA-based and
Talairach-based approach on
the individual level. For FEF
(top) and hMT+/V5 (bottom),
the CBA-based approach
outperformed localization
based on Talairach coordinates
in 9 of 12 participants. In each
plot, participants are sorted,
from large to small, according to
the distance of the TMS target
point based on Talairach
coordinates from the individual
functional hotspot.
Consequently, there is no
systematic correspondence of
participant numbers between
FEF and hMT+/V5 data.
Figure 5. Proportion of participants within the effective range of
TMS for each brain area and localization approach. For FEF and hMT+/V5,
the CBA-based approach brought more participants within the effective
range of TMS compared with targeting based on Talairach coordinates
independent of the assumed effective range of TMS. Data are binned at
a 5-mm resolution, and the performance of each approach can be
evaluated at different cutoff values ranging from 5 to 30 mm.
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functional group data. Our CBA-based approach should
therefore be the method of choice either when individual
functional data cannot be obtained or experimental factors
argue against it (e.g., training or surprise effects).
Our results demonstrate that localization of TMS target
points can be significantly improved compared with
Talairach-based targeting when utilizing whole-brain
alignment schemes that take the macroanatomical dif-
ferences between participants into account. By incorpo-
rating already existing functional group data that are
aligned in surface space, the proposed approach takes
full advantage of the extent of functional–anatomical cor-
respondence. This is in contrast to localization based on
Talairach (or MNI) coordinates where this source of var-
iability is completely ignored and alignment is done in
volume space with only few anatomical landmarks serv-
ing as reference points. As a side note, we did not evalu-
ate other (nonlinear) volumetric alignment approaches
such as SPM DARTEL (Ashburner, 2007) and FSL FNIRT
(Andersson, Smith, & Jenkinson, 2008). To the best of
our knowledge, they have not been formally examined
in the context of TMS coil positioning, but similar bene-
fits as our CBA-based approach could be expected. A
direct comparison of all available nonlinear whole-brain
alignment schemes is beyond the scope of the present
article. Here, we introduce our CBA-based approach
and empirically demonstrate its benefits compared with
what is common practice in the TMS community. The
greatest advantage of the CBA-based approach is the bal-
ance between efficiency and accuracy. It is sufficient to
obtain anatomical data for each participant, keeping mea-
surement costs at a minimum (if anatomical data are not
present already), whereas localization errors are signifi-
cantly reduced compared with Talairach-based targeting.
The direct comparison of the CBA-based and Talairach-
based approach revealed that the CBA-based approach
performed better in the majority of cases with improve-
ments of a few millimeters on average. As will be discussed
below, even these relatively small differences can be of
practical relevance in the context of a TMS experiment.
Previous work strongly suggests that the difference in
accuracy between the CBA-based and Talairach-based
approach reported here would translate into differences
in effect size and statistical power. Sack et al. (2009)
directly compared TMS-induced changes in task behav-
ior using different approaches for TMS coil positioning,
namely targeting based on (1) individual functional local-
izer, (2) individual brain anatomy, (3) Talairach coordi-
nates, and (4) EEG electrode positions. Results showed
that the number of participants required for a TMS effect
to reach significance, as well as the risk of false negatives
(Type II error), can increase dramatically when localiza-
tion accuracy is suboptimal. On the basis of this statistical
argument, it is recommended to always use the best TMS
coil positioning approach available. Moreover, previous
work has shown that spatial displacements of the TMS
coil in the order of millimeters can abolish behavioral
effects altogether (Sack et al., 2006). Given that the
strength of the magnetic field produced by the TMS coil
decreases nonlinearly with distance, such abrupt changes
in TMS efficacy are hardly surprising. For the same rea-
son, it remains an open empirical question to what extent
the improvements of our CBA-based approach compared
with the Talairach-based approach translate into differ-
ences in TMS effects in the context of a given task and
stimulation site. Still, bringing the TMS coil as close as
possible to the brain area of interest should always be a
priority in TMS experiments, and we therefore argue that
the CBA-based approach should be the method of choice
when individual functional localization is impossible.
The widespread use of Talairach space in neuro-
imaging has certainly contributed to the popularity of
Talairach coordinates in TMS coil positioning. Transforming
individual data to a common space is a crucial prerequisite
for most group analyses and, importantly, allows compar-
isons across experiments. Group activation data can be
reduced to a simple set of coordinates, which also allows
their easy use in a separate TMS experiment. However,
the limitations of data representation in Talairach space
have long been recognized, and advanced whole-brain
alignment schemes are more and more used in the neuro-
imaging community. In light of these developments, we
propose that the TMS community should follow this devel-
opment and take advantage of these improvements in the
context of TMS coil positioning, as we demonstrate here.
We used a recently developed functional probabilistic
atlas for this study (Frost & Goebel, 2012). This atlas con-
tains functional probabilistic group maps of 10 brain
areas and may be obtained by contacting the cor-
responding author but will soon be publicly available as
well. By creating a probabilistic atlas, one is able to iden-
tify the degree to which functional areas “respect”macro-
anatomical landmarks. Functional areas that are strongly
bound to macroanatomy are represented in the atlas as
a small patch of cortical surface where there is a high like-
lihood that any new participantʼs functional area would
be in the same anatomical location. By aligning a brain
to this atlas brain, these probabilities can be used in
participants for whom functional data are not available.
One must note however that these maps only represent
the probabilistic location of the functional area. Although
they are derived from functional data one cannot say,
with complete certainty, that a particular functional area
will occupy the same patch of cortex in all.
Finally, although the CBA-based approach improves
TMS coil positioning compared with Talairach-based
targeting, our results also show that localization is still
far from perfect. It is important to realize that this
remaining localization error may still be decisive for find-
ing a significant TMS effect in a given participant or
patient. This remaining localization error of the CBA
approach is brought about by a couple of general limita-
tions that are inherent to any approach not using indi-
vidual functional data and that can also not be overcome
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by using the here proposed CBA-based approach. First,
the core of our approach is to improve localization of
functional brain areas by incorporating macroanatomical
information. This obviously requires some degree of
functional–anatomical correspondence. If the location
of any given functional brain area is in no way related
to the available anatomical data, then it is impossible
to make any predictions based on anatomy alone. In
such cases, nothing but individual functional localizers
will be successful. Second, there is always the possibility
of idiosyncrasies, that is, participants with functional
brain areas that do not conform to regularities found in
brain anatomy on the group level. This obviously cannot be
captured with our approach, as these cases will be poorly
localized, even with anatomical alignment. Again, nothing
but individual functional localizers will be successful.
In conclusion, we propose a novel approach of TMS
coil positioning that significantly improves localization
accuracy compared with alternative approaches in situa-
tions where individual functional localization is not pos-
sible but preexisting functional group data are available.
We demonstrated the benefits of accounting for macro-
anatomical variability across participants for two brain
areas, namely FEF and hMT+/V5. Consequently, we sug-
gest that the TMS community could embrace the devel-
opment of whole-brain alignment schemes from the field
of neuroimaging to improve TMS coil positioning. Finally,
it is noteworthy that the CBA-based approach is not lim-
ited to TMS experiments. If the precision of the CBA-
based approach is considered necessary and sufficient,
it might be useful for other applications where targeting
of functional brain areas is required, for example, in opti-
cal imaging, electrode placement, or the like.
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